Molecular Mechanics
Molecular Mechanics (MM) simulations are performed to calculate the Free Energy (FE) profile relative to the shuttling movement of the ring R along the axle in the Weighted Histogram Analysis Method [1] (WHAM) framework. All the simulations are performed with the NAMD [2] code and the AMBER99 [3] force field (FF): 
"
In keeping with the FF prescription the atomic charges are computed with the RESP [4] method on the ab-initio electrostatic potential (calculated with GAUSSIAN03 [5] in the B3LYP/6-31g* approximation) and kept constant during the simulations. Due to the dimension of the molecules, the charges are calculated separately for the different building blocks of the [2] rotaxane. After splitting, the fragments are left with dangling bonds which are saturated with H atoms in the RESP calculation. In order to avoid any lack or excess of charge in the final molecule the charges of each fragment are rescaled after the withdrawal of the H atoms used to saturate the dangling bonds. Different calculations are performed for the two oxidation states of A 1 station (A 1 2+ and A 1 + ).
Since the charges are kept fixed in our MM simulations, the role of the photosensitizer is merely that of a stopper, therefore, we decided to substitute the P fragment with an exact copy of the other stopper (T), see page 10 for further discussion on this point. This has the further advantage of removing the useless complexity of parameterizing the the interaction parameters and charges are included as separated files).
All the simulations are performed in the NPT ensemble at 300 K and 1 bar.
Temperature and pressure are controlled with the Langevin Thermostat and NoseHoover Langevin barostat as implemented in NAMD. [2] Each bond involving an H atom is kept rigid and the time-step used for the integration of the equation of motion is 2 fs and 4 fs for the short and long range interactions, respectively. The cutoff distance is Notice that the Ru II photosensitizer has been substituted by a copy of the T stopper.
Free Energy Calculations
The FE profile G on a collective coordinate L can be readily computed from its distribution function P(L) as obtained from MM simulations:
However, straight MM runs usually do not provide an accurate enough sampling of the configurational space within the available computer time and some special sampling techniques, such as the "Umbrella Sampling", must be used. In this method the system is simulated in presence of an artificial biasing potential W(L 0 ) which enhances the sampling in the neighborhood of L 0 . The biasing potential is usually an harmonic restraint centered on successive values of L 0 , and the number of windows must be large enough in order to guarantee a sufficient overlap between the distributions obtained in adjacent windows. Finally, the results of all the various windows are unbiased and combined together to obtain the total distribution function. The WHAM [1] method is the most accurate and reliable way to perform this recombination. Its central idea consists in constructing the optimal estimate of the unbiased distribution function of L as a weighted sum of the data extracted from the Umbrella sampling runs and determining the weight functions with a self-consistent cycle in order to minimize the statistical error.
A good collective variable L to describe the ring shuttling movement can be defined as the projection of the center of mass of the oxygen atoms belonging to the ring onto selected atoms of the axle (Figure 2 ). From the computational point of view L must be continuous, with its first derivative continuous, and it can be written as: In particular in a couple of these free runs we observed a spontaneous ring displacement which suggests that the WHAM free energy almost exactly compensated the real one.
Finally, we checked the effect of the substitution of the photosensitizer with a copy of the other stopper and hence of the elimination of a +3 charge in the excited state.
To this aim we added a +3 charge to the carbon atom in the centre of the stopper, where the Ru ion should approximately be positioned, and then recalculated the free energy profile for the excited state. The added charge has been compensated by an equivalent amount on the counteranions that were kept away from the axle, as in the previous simulations. The free energy profile slightly changed, but the main features remained.
Specifically, the relative depth of the minima and the absence of any relevant shutting barrier were still present. This is admittedly a very crude approximation because the charges have not been reparameterized to account for the polarization of atoms surrounding the added charge and therefore the overall effect on the free energy might even be magnified. 
Shuttling relaxation time calculation
To gather enough statistics for a direct calculation of the shuttling relaxation time lengthy and cumbersome simulations would be necessary. However, a proper statistical description of L dynamics can provide equivalent information in a quicker way. 1 To extract these data from the umbrella sampling simulations, we have first to set up a proper model for the L dynamics in this situation. We define the displacement 
where K t ( ) is the memory kernel and ! t ( ) is a colored noise with
. With simple manipulations it can be shown that the integral of the memory kernel is equal to
where we have introduced ! c , the autocorrelation time of ! L . This integral is a crucial quantity since it is a measure of the noise amplitude averaged on a long timescale.
When the restraints are removed, since the typical shuttling time is much longer than the autocorrelation time ! c , we can move from the generalized Langevin equation (1) to a high-friction Langevin equation:
where ! t ( ) is a white noise with
and D is the diffusion coefficient of L which, for simplicity, has been assumed independent of L. The diffusion coefficient here is equal to the integral of the memory kernel of Eq. (1), i.e.
Thus, we can estimate D from a post-processing of the time evolution of L during the Umbrella Sampling runs, using Eq. (4), and then use it to model the dynamics on the real free energy G L ( ) using Eq. (3). We calculated D in each of the 24 windows for both oxidation states and the estimated value turned out to be almost independent on L and its average value is 2.7±1.5µs -1 . This value is also consistent with independent estimations made by placing the system on top of the free energy barrier and then measuring the time and displacement necessary to reach the minimum.
The next step is the calculation of the shuttling relaxation time. This is better done considering the evolution of an ensemble of systems, i.e. passing from the stochastic equation (3) to the equivalent Fokker-Planck equation
which describes the deterministic evolution of a probability density P L,t ( ) . For numerical reasons, it is convenient to rewrite Eq. (5) in terms of the quantity
In this form, it is immediately seen that the distribution is stationary for
We discretize the spatial and time derivatives using finite differences, with increments !L = 0.03 and !t = 0.1 ps. The advantage of a dynamics on X, when compared with a dynamics on P, is that it converges exactly to the correct distribution irrespectively of the errors coming from the space-time discretization. However, since the conservation of the total probability is slightly violated by the discretization, we have to enforce it by normalizing the probability every few steps.
The statistical distribution of the position of the ring as a function of L both in the ground P 0 (L) and excited P 1 (L) states can be readily calculated from the Free Energy profiles. The shuttling relaxation time can then be calculated by solving the Fokker-Planck equation for the free energy surface of the excited state with P 0 (L) as initial condition and then following its relaxation towards P 1 (L) . By fitting the variation of the probability between the initial and final distributions with an exponential decay ( Figure 3) we could estimate the typical shuttling time, which turned out to be ~20 ns. [2] Rotaxane axle next to the charged stations and that a second PF 6 -ion is also often bonded on the other side of the axle. However, since the experimental concentration of the PF 6 -is 15 to 20 times smaller then the one used in the simulations further investigations are necessary to determine whether this effect is also present at the experimental conditions. We discuss here how the effects of PF 6 -at the correct experimental concentration can be re-introduced by using a coarse-grained model for the rotaxane and the PF 6 -in solution.
In particular this rough model is used to study the dynamical complexation/decomplexation of the PF 6 -ions from the rotaxane molecules and to determine at every time the average fraction of rotaxanes for which the ring displacement is hindered by the presence of a bonded PF 6 -.
We opted for a coarse-grained (CG) model of the rotaxane made of 8 beads,
representing the Ru II polypyridine complex (green bead), the rigid spacer (orange beads), the two bipyridinium stations (blue and magenta beads) and the stopper (grey bead) (see between the PF 6 -and the beads representing the charged stations (see Table 1 for the parameters used).
We then perform Langevin dynamics, with a friction of 0.83 ps -1 and a timestep of 12 fs, using a modified version of the DL_POLY [3] program. These values are chosen so as to conserve the effective-energy. [4] We simulate a box of 70nm containing 20
[2]Rotaxane molecules and 120 PF 6 -ions, corresponding to the experimental concentration (0.1 mM). We repeat the simulation for 8 different values of the B parameter. This is necessary because the 0 K ab-initio binding energy of about 12 kcal/mol between the PF 6 -and the charged stations [5] cannot provide an exact picture of the strength of the rotaxane-PF 6 -interaction at ambient conditions. Moreover, the analysis of the electronic structure demonstrated that this strong interactions is due to a sizable charge transfer and to polarization effects that are not included in any standard force field.
We equilibrate the system for 10 ns and calculate the fraction of hindered rotaxanes with time averages 20 ns long (Figure 4b) . A rotaxane species is considered to be hindered if there is a PF 6 -at a distance shorter than 15 Å from any of the beads corresponding to the charged stations. In a simplified picture we can imagine that the ring displacement occurs in ~20 ns, as indicated by the solution of the Fokker-Planck equation, and that this time has to be scaled by the fraction of time in which the ring is free to move. For example, if the [2] Rotaxane is free for only 1% of the time the shuttling relaxation time would be ~2 µs. Surprisingly, this CG model indicates that for binding energies of the order of those calculated from first principles one PF 6 -is almost always bonded the axle. Thus, these calculations strongly suggest that the decomplexation of the PF 6 -can be the rate limiting step for the ring displacement. ) and is added to a screened electrostatic interaction with ! r = 37.5. The repulsive parameters for the P, S and T fragments have been chosen ad hoc to have an excluded volume of 5 to 7Å. However, calculations with repulsive parameters two orders of magnitude larger or smaller did not show any sizable difference on the fraction of hindered rotaxanes. On the other hand, the parameters of the two charged stations have been varied to give a binding energy from 5.6 to 27.6 kcal mol - -.
